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Abstract 

A new turbulent skin friction reduction technology, 
called the microblowing technique, has been tested in 
supersonic flow (Mach number of 1.9) on specially 
designed porous plates with microholes. The skin friction 
was measured directly by a force balance and the boundary 
layer development was measured by a total pressure rake 
at the tailing edge of a test plate. The free stream Reynolds 
number was 1 ,0( 1 0) 6 per meter. The turbulent skin friction 
coefficient ratios (C/C m ) of seven porous plates are given 
in this report. Test results showed that the microblowing 
technique could reduce the turbulent skin friction in 
supersonic flow (up to 90 percent below a solid flat plate 
value, which was even greater than in subsonic flow). 

Symbols 

A area of test plate 

C t total skin friction coefficient, (skin friction 
force)/(V 2 uJA) 

C m total skin friction coefficient of a nonporous 
plain flat plate 

C tw0 total skin friction coefficient of a porous plate 
with no blowing 

D diameter of blowing holes, mm 

F blowing fraction, (p b v^/fp^ u J 

H shape factor (ratio of displacement thickness 
to momentum thickness) 

T thickness of a plate 

u velocity component parallel to surface, m/sec 
v velocity component perpendicular to surface, 

m/sec 

u^ free stream velocity, m/sec 

v b blowing air velocity, m/sec 

y vertical distance from a surface, cm 
free stream density 
p h blowing air density 


"Patent no. 5,803,410 
* Senior member, AIAA 


Introduction 

One of the challenges associated with the development 
of a high-speed civil aircraft is the reduction of high skin 
friction. One technique that has received much attention 
for subsonic flow is laminar flow control. Its application 
in supersonic flow is difficult. Many other skin friction 
reduction techniques (summarized in Ref. 1 ) cannot provide 
significant reduction in real world applications. 

One proposed solution to skin friction reduction, 
blowing (or surface mass injection), has been abandoned 
because it had problems with flow separation. Many 
researchers during the past 30 years have used the 
parameters, 2F/C fw0 versus C/C fw0 , for their results and 
have shown that blowing could achieve significant skin 
friction reduction. 1 However, it was not clear whether 
blowing could result in a reduction in skin friction below 
a solid flat plate value. As indicated in Ref. 4, the unblown 
skin friction coefficients, C IX) , of some porous plates were 
more than twice the value of a solid flat plate and it was 
impossible to reduce the skin friction of these plates below 
that of a solid flat plate. 

The microblowing technique (MBT) for reducing 
turbulent skin friction was invented in 1994 by the author 
and a patent was issued in 1 998. 5 In this unique concept, 
an extremely small amount of air is blown vertically 
through a specially designed porous plate with microholes. 
The reduction in the surface roughness and the gradient of 
the flow velocity profile on the surface decreases skin 
friction. 

Several experiments have been completed for subsonic 
flow 5-8 and results showed that a turbulent skin friction 
reduction of up to 50 to 70 percent below the value of a 
solid flat plate was possible for subsonic flow if proper 
porous plates were used, 

A proof of concept MBT experiment for reducing 
skin friction in supersonic flow at a Mach number of 1 .9 
was conducted in test facility CE22 9 at the NASA Glenn 
Research Center in 1999. Seven test skins (Table l)were 
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selected from the previous subsonic tests. The inner skin 
that was used for many subsonic tests was eliminated. The 
preliminary results showed that the MBT could reduce 
skin friction up to 90 percent below a solid flat plate value 
in supersonic flow. 

In this paper, the detailed description of the experiment, 
the results of test data and the discussion of this new 
technology will be given. 

S kin Tested 

Seven test skins (Table I) were selected from the 
previous subsonic tests. The inner skin that was used for 
many subsonic tests was eliminated because it was believed 
that the skin friction reduction was not affected by the 
inner skin and also because the pressure loss across the 
inner plate could be eliminated. Laser drilled microholes 
(0. 1 65 1 mm in diameter) are shown in Fig. 1 and the cross- 
section view of 15-degree, slanted laser-drilled holes is 
given in Fig. 2. Northrop Grumman GAC1897 has 
hourglass- shaped holes with 50-percent porosity based on 
an open hole area and only has 4 percent porosity based on 
the small neck area as shown in Fig. 3. The schematic 
diagram of hole pattern showing staggered holes and 
aligned holes is illustrated in Fig. 4. 

The size of the test plates is 12.36 by 25.06 cm. 

Test Facility 

The Advanced Nozzle and Engine Components Test 
Facility (CE22) at NASA Glenn 9 was modified for this 
experiment. A shock-free converging-diverging supersonic 
duct 109.22 cm long is connected to a facility transition 
duct with a rectangular cross-section exit of 10.8 by 
20.32 cm. The facility provided a stable Mach number 
of 1 .9 at Reynolds number per meter of 1 .0( 1 0). 6 The back 
pressure (exit pressure) was maintained as low as possible 
to avoid keeping the shock inside the duct for too long, 
which would damage the force balance. 

Apparatus and Instrumentation 

The force balance used in previous subsonic 
experiments was used for this experiment. 4 Since larger 
skin friction and blowing air requirements were expected, 
a 4800-gram load cell and a 1500 SLM flow meter were 
used. The accuracy of the load cell used in the balance was 
+/- 0.25 percent. The balance was placed under the test 
section inside a sealed compartment, as shown in Fig. 5. 
The leading edge of the test plate is located in a constant 
pressure region, 63.5 cm from the transition duct. There 
were two total pressure rakes along the center line of the 
duct. The measurement plane of rake 1 was located 3.2 cm 


upstream of the leading edge of the test plate while the 
measurement plane of rake 2 was 1 . 1 cm upstream of the 
trailing edge of the test plate. Rake 2 had a very small 
vertical gap (less than 0.2 mm) between the test plate and 
the nearest tube. The total pressure rakes were built with 
tubing that had an outside diameter of 0.508 mm. Rake 1 
was removed after the data was taken to minimize the 
interference on the measurement of skin friction. Rake 2 
was used to calculate the momentum thickness and the 
velocity profiles inside the boundary' layer. Facility total 
pressure rakes, facility total temperature thermocouples, 
and a static pressure at the leading edge of the test plate 
were used to measure the tunnel Mach number. 

Calibration 

An identical load cell was used to calibrate the load 
cell inside the balance. The calibration showed that the 
friction of the balance was very small due to the frictionless 
flexural pivots. The data were adjusted during the data 
acquisition process for this small difference. 

Results and Discussion 

The seven porous plates selected from previous 
subsonic tests (Table I) were tested in supersonic flow' 
(Mach number of 1 .9) in the region of no pressure gradient. 
The standard deviation of force measurement w r as kept 
below 2 grams for 15 data scans. The test results are 
presented herein. 

The wall static pressure along the supersonic duct is 
shown in Fig. 6. As expected, there were no shocks in the 
duct because there was not an abrupt increase in pressure 
in the duct. The test plate was located from x = 76.2 to 
101.6 cm from the entrance of a transition duct. A fairly 
constant pressure gradient region is shown in Fig. 6, 
including a case with the highest blowing rate. 

A solid stainless steel flat plate without microholes 
was first tested and the skin friction coefficient (C fu ) was 
considered as a reference. The repeatability of the facility 
is shown in Fig. 7 for the results taken on April 14, 1999 
and April 22, 1999. The small difference could be due to 
the different level of turbulence on these two days. Based 
on Tillman 1 s report, 7 the uncertainty of drag measurement 
is about 5 to 10 percent, therefore, 2 to 3 percent difference 
in measurement for these experiments is considered 
acceptable. The total skin friction coefficients obtained 
from this test for a plain stainless steel flat plate were 
compared with Ludwieg and Tillmann’s empirical 
formula 10 and is shown in Fig. 8. Keep in mind that the 
total skin friction coefficients from the tests being reported 
were the average value based on a 12.36- by 25.06-cm 
plate. The momentum thickness was based on the 
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downstream total pressure rake, which was higher than the 
momentum thickness upstream at the center of the plate. 
However, the results were reasonably close. 

The total skin friction coefficient of a porous flat plate 
(C fw0 ) without blowing was measured. Next, the blowing 
air control valve was opened to allow for different blowing 
air flow rates. The skin friction coefficients (C f ) were 
measured at the Mach number of 1.9. Jeromin plotted 
C/C fw0 against 2F/C fw0 for many researchers' data, and 
showed rather scattered data. 2 Many researchers also used 
these two parameters. Therefore the current data were first 
plotted in the same way as shown in Fig. 9. All skins 
except G AC2054 did very well and fell within Hefner and 
Bushnelfs range. 3 The GAC2054 plate was selected 
because it had a very low unblown skin friction coefficient 
(C fw0 ) in subsonic flow, but the skin friction reduction was 
not significant in supersonic flow because of t he lo w 
porosity of 4 percent and conical-shaped holes. A drawback 
of this figure is that one cannot tell how much skin friction 
reduction below that of a solid flat plate has been achieved. 

A more meaningful way to present test results is given 
in Fig. 10, where skin friction ratios (C/C m ) were plotted 
against the blowing fraction, F. All seven porous plates, 
which were selected from previous subsonic tests, had a very 
low unblown skin friction. The data showed that skin friction 
ratios were close to one when F was equal to zero (i.e., the 
skin friction of these plates without blowing was very low 
and close to a solid flat plate value). As expected, the skin 
friction ratio was reduced below that of a flat plate with very 
low blowing air and the skin friction continued to reduce 
until the limit of the flow r meter was reached. The turbulent 
skin friction reductions of 80-90 percent below' a flat plate 
value were achieved at the highest flow rate, F = 0.004. 

In Fig. 1 0, a very small difference was shown between 
PN23 (straight vertical holes) and PN5 ( 1 5-degree slanted 
holes) and also between PN5 ( 1 5-degree staggered holes) 
and PN7 (15-degree aligned holes). This means that 
additional effort to drill slanted holes is not necessary and 
holes need not be aligned for real application. 

The velocity profile obtained from the downstream 
boundary layer rake is shown in Fig. 1 1. It was very clear 
that blowing did reduce the flow' velocity near the surface 
such that it reduced the viscous shear stress. The magnitude 
of reduction in flow velocity close to the surface is much 
more than that of subsonic flow.* 5 This could be a reason 
why the MBT reduced skin friction more for supersonic 
flow than subsonic flow. 

Concluding Remarks 

A very significant turbulent skin friction reduction 
(up to 90 percent) below a solid flat plate value has been 
achieved in supersonic flow' using a microblowing 


technique. The amount of reduction is much larger in 
supersonic flow than in subsonic flow. The porous plates 
(except GAC2054), which worked very well in subsonic 
flow, also worked very well in supersonic flow. The 
inclination and alignment of holes did not seem important. 
This technology can be applied to many types of flows, 
turbulent or laminar, subsonic or supersonic. 
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Table 1. — Specifications of test plates. 


Plate name 

Porosity, 

percent 

Hole 

diameter, 

mm 

Skin 

thickness 

Aspect 

ratio, 

L/D 

Description/Material 

Flat Plate 





Stainless Steel 

GAC 1897 

50 

0.06 

0.305 

5.08 

Northrop Grumman's plate, nickel 

GAC 2054 

4 

0.13 

0.23 

1.769 

Northrop Grumman’s plate, nickel 

PN 23 

23 

0.1651 

1.016 

6.15 

Laser drilled straight holes, stainless steel 

PN4 

23 

0.1651 

1.016 

6.15 

5-degree angle holes, staggered, stainless steel 

PN5 

23 

0.1651 

1.016 

6.15 

15-degree angle holes, staggered, stainless steel 

PN6 

23 

0.1651 

1.016 

6.15 

5-degree angle holes, aligned, stainless steel 

PN7 

23 

0.1651 

1.016 

6.15 

15-degree angle holes, aligned, stainless steel 



Figure 1. — Stainless-steel-laser-drilled rnicroholes. 



Figure 3. — Northrop Grumman GAC1897 hourglass-shaped rnicroholes. 
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Figure 4. — Hole pattern. 



Figure 5. — Supersonic tunnel and balance. 



Figure 6. — Wall static pressure along supersonic duct. 
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Figure 7. — Repeatability of test facility. 
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Figure 8. — Skin friction coefficient of flat plate. 
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Figure 9. — Current data within range of Hefner and Bushnell data. 
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Figure 11. — Boundary layer profile at the trailing edge of PN23. 
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